Introduction {#Sec1}
============

In *Bacillus subtilis* spore metabolites, the lipopeptides consist of a lipophilic fatty acid chain and a hydrophilic peptide ring and the most common are surfactin, iturin, and fengycin (Banat et al. [@CR4]). These three lipopeptides have gained wide attention because they possess antibacterial and biosurfactant properties and therefore have the potential to be useful in the fields of medicine, agriculture, food, cosmetics, petroleum, mining and environmental governance (Desai and Banat [@CR8]; Banat et al. [@CR4]; Marchant and Banat [@CR11]).

Surfactin, iturin, and fengycin have several homologues (Stein [@CR19]; Shaligram and Singhal [@CR18]) with unique structure, chemical properties and biological activities (Stein [@CR19]; Banat et al. [@CR4]). For example, surfactin produces a strong inhibitory effect on bacteria (Chen et al. [@CR6]), iturin has antifungal activity (Sandrin et al. [@CR15]) and fengycin inhibits growth of mold (Bie et al. [@CR5]). The production of these lipopeptides is markedly affected by components in the growth medium (Sun et al. [@CR20]). The antimicrobial lipopeptides are synthesized by a non-ribosomal peptide synthetase by a method called a "multi-carrier thiotemplate mechanism" (Schneider and Marahiel [@CR16]; Koumoutsi et al. [@CR10]). The amino acid sequence of the products is determined by the sequence of the peptide synthetase modules (Stein [@CR19]) and each module contains multiple functional domains. The production of multiple homologues of lipopeptides by a complex multicomponent enzyme system is affected by the experimental conditions (Shaligram and Singhal [@CR18]). Therefore, in order to maximize lipopeptide yield, it is important to analyze the effects of different fermentation conditions on the yield and composition of antimicrobial lipopeptides. The effect of the growth media and fermentation conditions for optimal antimicrobial lipopeptide synthesis has been previously investigated (Ohno et al. [@CR14]; Thompson et al. [@CR21]; Nitschke et al. [@CR13]). Ohno et al. ([@CR14]) demonstrated that the ratio between iturin and surfactin is affected by temperature. Koumoutsi et al. ([@CR10]) showed that the stage of microorganism growth affects the quantity of antimicrobial lipopeptides. However, previous studies have all used HPLC for qualitative analysis, which cannot precisely quantify the lipopeptides homologues.

Previous studies have shown that fermentation conditions are critical to the production of lipopeptide (Shaligram and Singhal [@CR18]; Mnif et al. [@CR12]). However, due to the restriction of the synchronous quantitative testing method of the lipopeptide component, there is still no detailed analysis of the composition of the mixture of lipopeptides and effects on the content of their homologues. This study, based on the constructed LC--MS qualitative analysis method (Deng et al. [@CR7]), identified optimized experimental conditions (different media, temperature, ventilation and fermentation methods) to produce maximal lipopeptides concentrations from *Bacillus natto NT*-*6* using LC--MS, expecting to achieve the directional accumulation of specific components in antimicrobial lipopeptides and lay the foundation of the production of specific efficacy lipopeptide.

Materials and methods {#Sec2}
=====================

Microorganism and culture medium {#Sec3}
--------------------------------

The wild-type organism *Bacillus subtilis* subsp. *natto* NT-6 obtained from China General Microbiology Culture Collection Center (CGMCC 8121) was used in this study.

Preparation of antibacterial lipopeptides {#Sec4}
-----------------------------------------

For preparation of the seed culture, *B. natto* NT-6 colonies from the liquid broth were grown in 250-mL flasks containing 80 mL of BPY liquid medium containing beef extract, 5.0 g; peptone, 10.0 g; yeast extract, 5.0 g; glucose, 10.0 g; NaCl, 5.0 g; and distilled water, 1000 mL; with pH set to 7.2.

Liquid fermentation for antibacterial lipopeptides and its extraction: To produce lipopeptides, 5% (v/v) of seed culture was inoculated into a 250-mL shake flask containing 80 mL of sterile Landy medium and cultivated at 28 °C with shaking at 160 r min^−1^ for 36 h. Next, the culture was centrifuged at 10,000 r min^−1^ for 15 min to remove bacterial cells and impurities, and the supernatant was collected. The supernatant pH was adjusted to 2 with formic acid and then left overnight at 28 °C. The pellet formed after centrifugation at 10,000 r min^−1^ for 20 min was dissolved in methanol and the resultant solution was adjusted to pH 7.0 and centrifuged again at 10,000 r min^−1^ for 20 min. The supernatant was concentrated using a rotary evaporator at 60 °C and extracted three times with methanol. The resultant solution containing the lipopeptides collected was stored at 4 °C.

The solid-state fermentation medium was inoculated with 10% (v/w) seed culture and mixed under sterile conditions. The solid-state fermentation was carried out at 28 °C for 72 h. The fermentation product was dried at 50 °C and then extracted with methanol (w/v = 1:5) for 3 h and filtered through gauze. Next, the solution was centrifuged at 10,000 r min^−1^ for 15 min to remove bacterial cells and impurities, and the supernatant collected was stored at 4 °C.

Experimental design {#Sec5}
-------------------

Landy medium (glucose, 10.0 g; L-monosodium glutamate, 5.0 g; MgSO~4~, 0.5 g; KCl, 0.78 g; KH~2~PO~4~, 1.0 g; FeSO~4~, 0.05 mg; MnSO~4~, 5.0 mg; CuSO~4~, 0.16 mg; and distilled water, 1000 mL; pH 7.2), potato dextrose broth (PDB) medium (potato, 200 g; glucose, 20 g; and distilled water, 1000 mL), nutrient broth (NB) medium (peptone, 10.0 g; beef extract powder, 3.0 g; NaCl, 5.0 g and distilled water, 1000 mL; pH 7.2) and LB medium (Tryptone, 10.0 g; yeast extract, 5.0 g; NaCl, 10.0 g; pH 7.0) were used as culture media to produce antimicrobial lipopeptides.

The effects of shaking speed of rotary shaker (speeds were designated as 120 r min^−1^, 140 r min^−1^, 160 r min^−1^, 180 r min^−1^, 200 r min^−1^, respectively), solid-state fermentation (wheat bran 70%, bean pulp 28%, 1.20% glucose, 0.55% L-sodium glutamate, 0.15% (NH~4~) ~2~SO~4~, 0.10% KH~2~PO~4~·3H~2~O, ratio of material to water of 5:3, fermented for 48 h in 10 g/250 mL flasks under 28 °C) and liquid fermentation (Landy medium, 28 °C, shaking speed of 160 r min^−1^, 36 h) on the production and composition of antibacterial lipopeptides were tested (three parallel tests). Either 0.6% activated carbon powder or 0.4% attapulgite powder was added to the Landy medium and fermentate for 36 h at 28 °C, at a shaking speed of 160 r min^−1^. Next the samples obtained from different fermentation conditions were extracted, processed, and the concentration of iturin and surfactin and its homologues were determined by LC--MS.

LC--MS conditions {#Sec6}
-----------------

Surfactin and iturin analyses were performed on a Thermo Scientific Surveyor HPLC system composed of a Surveyor MS pump Plus, with an on-line degasser and a Surveyor auto sampler Plus coupled to a Thermo TSQ Quantum Access tandem mass spectrometer equipped with an electrospray ionization (ESI) source (LC--MS, Thermo, USA) as described by (Deng et al. [@CR7]). An aliquot of 10 μl of sample was injected into a reversed-phase chromatographic column: Venusil XBP CN (150 × 2.1 mm, of 100 Å pore diameter and particle size 5 μm; Thermo, USA). The column was thermo-stabilized at 35 °C for separation with a flow rate of 8.0 μl min^−1^. A mobile phase of 5 mmol L^−1^ ammonium acetate solution containing 0.1% (v/v) formic acid (A) and acetonitrile (B) was used. The following linear gradient elution was used: 60% A at 0 min, increased to 10% A from 0 to 4 min, held at 10% A from 4 to 7 min, then decreased to 60% A from 7 to 7.1 min, and further held at 60% A until 12 min. The flow-rate was set at 250 μl min^−1^.

The mass spectrometer was operated in the positive ion mode using ESI under the following conditions: spray voltage: 4500 V, sheath gas pressure: 40 au, auxiliary gas pressure: 15 au, blowback pressure: 0.5 psi, ion source temperature: 350 °C, capillary temperature: 270 °C, and collision pressure: − 22 mTorr. Acquisition was performed in the selected ion monitoring (SIM) mode.

Statistical analysis {#Sec7}
--------------------

SPASS Statistics 21 was used to analyze the data and the Microsoft Excel program to prepare the graphics. The results are expressed as mean ± S.D.

Results {#Sec8}
=======

Effects of different fermentation medium for antimicrobial lipopeptides production and composition {#Sec9}
--------------------------------------------------------------------------------------------------

As shown in Fig. [1](#Fig1){ref-type="fig"}b, the iturin produced in fermentation media was composed of three homologues with mass--charge ratios (m/z) of 1044.30, 1057.20 and 1071.20. Among them, the m/z 1071.20 component accounted for \> 80% and was highest with the Landy medium. The surfactin homologues had m/z of 995.20, 1008.20, 1022.30, and 1058.20 and with Landy and PDB media, the main components had m/z of 995.20 and 1022.30. However with the LB and NB media, the largest proportion of homologues had m/z of 1008.20 and 995.20, respectively. Thus, unlike with iturin, the type of culture medium largely influenced the surfactin homologue proportion.Fig. 1Effect of different culture media on the production of surfactin homologues (**a**), iturin homologues (**b**) and lipopeptides (**c**). Values are expressed as mean ± SD, n = 4. The different letters indicate significant differences between treatments (p \< 0.05). *LB* lysogeny broth, *NB* nutrient broth, *LAN* Landy medium, *PDB* potato-dextrose broth

Fermentation medium is one of the most important factors that influence lipopeptide production. As shown in Fig. [1](#Fig1){ref-type="fig"}, the production levels of total lipopeptides and its homologues from the common media (Landy medium, PDM, NB, LB) were significantly different (p \< 0.05). Among the media tested, Landy medium was the most effective with a total lipopeptide production of 563.20 mg L^−1^, significantly higher than with other cultures (p \< 0.01) including the next best medium, the PDM (289.82 mg L^−1^).

Effect of shaking speed on antimicrobial lipopeptide production and composition {#Sec10}
-------------------------------------------------------------------------------

The shaking speed of the rotary shaker was adjusted to between 120 and 200 r min^−1^. The increase in shaking speed increased the lipopeptide concentration with maximal concentration (659.00 mg L^−1^) at 200 r min^−1^ (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Concentration of surfactin homologues (**a**), iturin homologues (**b**) and lipopeptide (**c**) production at different shaking speeds. Values are expressed as mean ± SD, n = 5. The different letters indicate significant differences between treatments (p \< 0.05)

The content and percentage of each component in antimicrobial lipopeptides also varied with shaking frequency (Fig. [2](#Fig2){ref-type="fig"}). The proportion of iturin: surfactin was highest (81.78%) at 160 r min^−1^ but declined at higher speeds because of an increase in the surfactin concentration.

Effect of different fermentation types on lipopeptides components {#Sec11}
-----------------------------------------------------------------

In Landy medium when *B. natto* was grown at 28 °C and 160 r min^−1^ for 36 h, the lipopeptide production was 657.23 mg L^−1^. Of this, iturin components accounted for 289.18 mg L^−1^ (\~ 44% of the total), and was constituted mostly of homologues with m/z of 1044.30, 1057.20 and 1071.20 (which accounted for \~ 26.5%, 48.6% and 24.8%, respectively). Surfactin components production (368.05 mg L^−1^) accounted for 56.00% of the total, and was constituted mostly of homologues with m/z 995.20, 1008.20, 1022.30 and 1058.20 (which accounted for \~ 1.6%, 14.0%, 53.7% and 30.7%, respectively) (Table [1](#Tab1){ref-type="table"}).Table 1Effect of different culture media on lipopeptide production\[M+H\]^+^LFPercentageSSFPercentageSurfactin isoforms995.205.89 ± 0.161.60 ± 0.0439.06 ± 0.681.24 ± 0.021008.2051.63 ± 1.6114.03 ± 0.44501.17 ± 7.5015.91 ± 0.241022.30197.54 ± 3.1253.68 ± 0.851334.85 ± 15.3536.02 ± 0.411058.20122.93 ± 2.4330.69 ± 0.611322.31 ± 15.1141.97 ± 0.48Iturin isoforms1044.3076.72 ± 1.8826.53 ± 0.65105.95 ± 0.518.63 ± 0.041057.20140.67 ± 3.5448.66 ± 1.25631.39 ± 8.3251.43 ± 0.681071.2071.75 ± 1.6724.81 ± 0.58490.33 ± 5.4939.94 ± 0.45Total surfactin368.05 ± 6.3356.00 ± 0.963150.61 ± 34.6671.96 ± 0.79Total iturin289.18 ± 4.2644.00 ± 0.651227.67 ± 13.8528.04 ± 0.31Total lipopeptide657.234378.28*LF* liquid fermentation, *SSF* solid state fermentation

In the solid-state fermentation medium, when *B.* *natto* was cultured at 28 °C for 48 h and the ratio of medium material to water was 5:3, the lipopeptide production was 4.3782 g kg^−1^. Of this, iturin components accounted for 28.0% of the total, and was constituted mostly of homologues with m/z of 1044.30, 1057.20 and 1071.20 (which accounted for \~ 8.6%, 51.4% and 39.9%, respectively). In contrast, the surfactin components accounted for \~ 72.0% of the total, and were constituted mostly of homologues with m/z of 995.20, 1008.20, 1022.30 and 1058.20 (which accounted for \~ 1.2%, 15.9%, 36.0% and 42%, respectively).

Effect of solid matrix with large specific surface area addition on antimicrobial lipopeptide components {#Sec12}
--------------------------------------------------------------------------------------------------------

When 0.6% activated carbon powder in the Landy medium and *B.* *natto* was grown at 28 °C, 160 r min^−1^ for 36 h, the lipopeptide production (932.72 mg L^−1^) was 1.42-fold that without activated carbon (Fig. [3](#Fig3){ref-type="fig"}). The iturin components production (145.04 mg L^−1^) was \> 2-fold than without activated carbon, accounting for \~ 15.6% of the total, and was constituted mostly of homologues with m*/z* 1044.30, 1057.20, and 1071.20 (which accounted for 23.6%, 41.0% and 35.4%, respectively) while it significantly reduced the proportion of m/z 1071.20 (p \< 0.05). When activated carbon was added, the surfactin concentration (787.68 mg L^−1^) was 2.14-fold higher than without activated carbon, accounting for \~ 84.5% of the total lipopeptide production, and was constituted mostly of homologues with m/z of 995.20, 1008.20, 1022.30 and 1058.20 (which accounted for \~ 1.5%, 15.1%, 51.5% and 31.9% respectively). The proportion of each homologue component was similar both with and without activated carbon. Thus it was apparent that surfactin synthesis was promoted by the addition of activated carbon while synthesis of iturin was inhibited by it.Fig. 3Ion chromatogram of iturin and surfactin homologues produced by liquid-state fermentation (**a**), and solid-state fermentation (**b**)

Adding 0.4% attapulgite powder to Landy medium at 28 °C, and with a shaking speed of 160 r min^−1^ for 36 h, the total lipopeptide production was \~ 1.94-fold (1276.7 mg L^−1^) higher than in the control group (without attapulgite). As shown in Fig. [4](#Fig4){ref-type="fig"}, the iturin production (554.58 mg L^−1^) was \~ 1.92-fold more than without attapulgite and accounted for \~ 43.4% of the total production, and was constituted mostly of homologues with m/z of 1044.30, 1057.20 and 1071.20 (which accounted for \~ 4.9%, 64.5% and 30.6%, respectively). Compared with the control group, the proportion of the 1044.30 homologue was reduced but the proportions of the 1057.20 and 1071.20 components were significantly increased (p \< 0.05). The surfactin concentration (722.08 mg L^−1^) was \~ 1.96-fold more than in the control group, and accounted for \~ 56.6% of total lipopeptide production, constituted mostly of homologues with m/z of 995.20, 1008.20, 1022.30 and 1058.20 (which accounted for \~ 2.3%, 17.4%, 53.2% and 27.2%, respectively) with no significant change in the m/z charge ratios compared with the control group.Fig. 4Ion chromatogram of iturin and surfactin homologues produced by Landy medium with added 0.6% activated carbon powder (**a**) and 0.4% attapulgite powder (**b**)

Discussion {#Sec13}
==========

Previous studies have shown that fermentation conditions are critical to lipopeptide production (Shaligram and Singhal [@CR18]; Mnif et al. [@CR12]). However, because of the lack of accurate methods to quantify lipopeptide homologues, there is no detailed analysis of the effect of fermentation conditions on the composition of lipopeptide homologues. This study, based on a LC--MS method (Deng et al. [@CR7]), identified optimized experimental conditions (different media, temperature, shaking speed, fermentation methods) to produce maximal lipopeptide concentrations from *Bacillus natto* NT-6.

It is clear that media is the most important factor that affects the production of lipopeptides and abundance of nutrients is not conducive to the lipopeptide synthesis which is agreement with a previous report (Akpa et al. [@CR1]; Stein [@CR19]; Andrade et al. [@CR3]). Landy medium is generally regarded as a good medium for the production of lipopeptides, and has often been used in previous studies (Koumoutsi et al. [@CR10]; Fahim et al. [@CR9]) but maximal production also depends on temperature and the shaking speed. It was apparent from this study that with Landy medium, at 30 °C and shaking speed of 160 r min^−1^, iturin yield was highest (453.90 mg L^−1^), significantly higher than with other media tested (p \< 0.05). The iturin component made up 80%, and surfactin 20%, which demonstrated that Landy medium is the most suitable culture medium for iturin production. A high percentage (92%) of iturin production was of the m/z 1071.20 type and hence possessed only a narrow antibacterial spectrum. Thus, a high lipopeptide yield does not always increase the spectrum of functionality. Although the PDB medium is often used for mold cultivation, our study showed that the yield of surfactins produced by the NT-6 strain in PDB medium (156.81 mg L^−1^) was significantly higher than that produced in the Landy medium (109.33 mg L^−1^) but in this medium the yield of iturins was low (p \< 0.05). It demonstrated that PDB is better suited for the synthesis of surfactins and this has not been reported previously.

It has been shown that the high dissolved oxygen achieved at high shaking speed plays an important role in the synthesis of surfactin (Shaligram and Singhal [@CR18]; Fahim et al. [@CR9]). These studies shown that increasing shaking speed could promote lipopeptide production. In contrast, iturin production, which also increased continuously with shaking speed, was maximal at 160 r min^−1^ and accounted for 81.78% of the total production. But iturin production decreases as the speed increases when the speed is over 160 r min^−1^. This is in contrast to a previous report (Fahim et al. [@CR9]).

Surfactin production did not change much between shaking speeds of the rotary shaker of 120--160 r min^−1^ but increased significantly at shaking speeds \> 160 r min^−1^ (p \< 0.05). The changes in shaking speed did not significantly affect the relative proportions of iturin and surfactin. During industrial production, a high dissolved oxygen concentration was achieved by increasing the air flux and the stirring rate in the fermentor. The dissolution and transfer of oxygen in fermentation broth was probably inhibited by the great deal of foam produced during high-speed air flux and stirring. Also, leakage of liquid from the fermentor can easily occur during high-speed air flux and stirring in the fermentation process of surfactant-type lipopeptide compounds with strong surface activity, which markedly reduces the fermentation efficiency of the fermentor (Fahim et al. [@CR9]; Alonso and Martin [@CR2]). Therefore, in industrial production, high-speed air flux and stirring may not achieve high yields of lipid peptide production. Therefore, it is necessary to explore novel methods to solve the limitation on surfactin and iturin production caused by increasing air flux and stirring.

Previous studies (Ohno et al. [@CR14]; Nitschke et al. [@CR13]; Zohora et al. [@CR23]; Mnif et al. [@CR12]) have mostly focused on the impact of solid or liquid fermentation on the production of iturin or surfactin, and the effect of fermentation conditions on the composition of different lipopeptides has not been reported. As reported above, we compared the composition of lipopeptides produced by the two fermentation methods (solid vs liquid) and observed significant differences in the type and yield of the lipopeptides and their homologue constituents (p \< 0.05). The total production of solid-state fermented lipopeptides was \~ 66-fold greater than by liquid fermentation. Under liquid fermentation conditions, iturin and surfactin accounted for \~ 44% and 56%, respectively compared to 28% and 72% with the solid-state fermentation medium. Compared with the liquid fermentation method, a new homologue component with m/z 1039.00 was evident under solid-state-fermentation conditions, and two homologues of the homologous component with m/z 1008.20 were observed in the chromatograms (Fig. [5](#Fig5){ref-type="fig"}b). In addition, iturin homologue component with m/z 1044.30 made up a significantly lower proportion under solid-state fermentation conditions than with liquid fermentation (p \< 0.05); the surfactin proportion of the 1022.30 component was reduced but the proportion of the 1058.20 component was significantly increased (p \< 0.05). These results confirmed that different fermentation methods can markedly affect the composition and concentration of the lipopeptide components. Liquid fermentation was ideal for production of iturin components, while solid-state fermentation was more suited for surfactin. Thus different fermentation methods need to be chosen for maximal production of different lipopeptides.Fig. 5Effect of activated carbon powder (ACP) and attapulgite powder (AP) addition to Landy medium on surfactin homologue concentrations (**a**), iturin homologue production (**b**), and lipopeptides production (**c**). Values are mean ± SD, n = 3. The different letters indicate significant differences between treatments (p \< 0.05)

Addition of a solid matrix in liquid-state fermentation could lead to biofilm formation. It has been shown that the yields of some metabolic products are increased when biofilms are formed on solid surfaces (Zohora et al. [@CR22]). Shahedur and Takashi ([@CR17]) showed that the bacteria in biofilm can accumulate high surfactin concentrations, much more than when surfactin is produced by bacteria in planktonic conditions (Shahedur and Takashi [@CR17]; Zohora et al. [@CR22]; Shaligram and Singhal [@CR18]). This study provided evidence of biofilm formation when activated carbon and attapulgite powder were added to Landy medium, with the addition of activated carbon significantly promoting the synthesis of surfactin but inhibiting iturin synthesis (p \< 0.05). However, synthesis of both iturin and surfactin was significantly enhanced by the addition of attapulgite powder, with significant changes in iturin composition (p \< 0.05). However, it is not known how activated carbon and attapulgite powder affect biofilm formation and subsequently the synthesis of different lipopeptides. This needs to be explored in the future to get a better understanding of the associated mechanisms.

The antimicrobial lipopeptides are synthesized by a non-ribosomal peptide synthetase from multiple modules by a method called "multi-carrier thiotemplate mechanism" (Schneider and Marahiel [@CR16]; Koumoutsi et al. [@CR10]). The sequence of amino acids in the product is determined by the sequence of the peptide synthetase modules (Stein [@CR19]), and each module contains multiple functional domains. This synthesis mechanism of multicomponent enzyme complex system is affected by experimental conditions, and lipopeptides which contain multiple components and multiple isomers can be produced by the lipopeptides produce strains (Shaligram and Singhal [@CR18]).

The culture medium, shaking speed of the rotary shaker, fermentation method and addition of a solid matrix with large specific surface area had a significant impact on the type, amount, and proportion of the homologue constituents of the lipopeptides produced by *B. natto* NT-6 strain (p \< 0.05). Thus accumulation of the specific components of lipopeptides can be achieved by controlling the media and fermentation conditions resulting in the formation of products with specific properties and functions. This study lays the foundation for synthesis of multifunctional lipopeptide products from fermentation.
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